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Abstract
Gas-liquid flows are omnipresent in industrial and environmental processes. Examples are the transportation of
petroleum products [1, 2], the cooling of nuclear reactors [3, 4], the operation of absorbers [5], distillation columns
[6], gas lift pumps [7] and many mores. Different input parameters induce topologically different flow patterns with
different flow character and behaviour [7, 8] . The present study concentrate to adiabatic incompressible two-phase
flow in horizontal pipeline with separated character [9, 10] (Ugas < 10m/s and Uliquid < 0.2m/s) such as
stratified wavy flow regime including typical multiphase instability (Kelvin-Helmholtz instability) [11, 12]. The
Proper Orthogonal Decomposition (POD) [13], introduced by Lumpay (1967) [14] was used to extract synthetic
information essential to understand and to model flow dynamics phenomena. POD in this study are used to identify
flow structure in the horizontal pipeline specially under transient of separated flow regimes. The snapshot matrix
are reconstruct for specific flow sections and regimes. Present decomposition method, in this case used to analyse
CFD data, are originally testing and developing for future using to analyse experimental data obtained by process
tomography system [15].
Keywords: multiphase flow, horizontal pipeline, CFD, LES, OpenFoam, Proper orthogonal decomposition.
Introduction
Considering a gas-liquid two phase flow, the liquid and
gas are regarded as the continuous and dispersed phases
respectively. Gas-liquid flows are commonly observed in
many industrial processes such as oil and gas, chemical,
pharmaceutical and nuclear industries. The relative distri-
bution of the gas and liquid phases can take many different
configurations depending on the process conditions, such
as the flow rates of the gas and liquid. The configuration
of the gas and liquid phases is known as the flow regime
Wallis (1969) [16]. The flow regime describes the pattern
of the inner structure of the flow and important hydrody-
namic features such as volume fraction, phase and veloc-
ity distributions. Two phase flow regimes are often deter-
mined subjectively using direct methods such as the eye-
balling method, high speed photography method and the
radial attenuation method (Deng, et al. 2001) [17]. Em-
pirical flow regime maps such as the Baker chart for hor-
izontal flow [18] and and Hewitt and Roberts (1969) [19]
for vertical flow are commonly used for approximate and
rapid identification of the flow regime under specific op-
erating conditions. However due to their approximate and
subjective nature these techniques are not able to identify
the prevalent multiphase flow regime with the required de-
gree of accuracy.
In order to better understand the fluid dynamic nature
of Gas-liquid multiphase flows this paper focuses on flow
regimes and pressure drop identification using approaches
based on Computational Fluid Dynamics and . Proper Or-
thogonal Decomposition techniques. Physical, mathemat-
ical and numerical models of horizontal flow regimes are
developed and presented.
Model description
Physical and mathematical model
Physical model of the study phenomena is define as; hori-
zontal unsteady, adiabatic multiphase turbulent flow of two
incompressible, immiscible and Newtonian fluids. The trans-
port properties of both phases are considered as a constant.
The temperature dependences of viscosity, surfaces ten-
sion and other thermophysical properties are neglected for
present study.
Mathematical model is based on the system of Navier-
Stokes equations for the turbulent flow of incompressible
fluids. For the turbulence model, the Large Eddied Sim-
ulation model is adopted. To find a suitable turbulence
model in computations of the unsteady separated turbulent
flow is extremely subtle and difficult. Mesh refinement are
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used to model the flow near the pipeline wall. The numer-
ical model is solved using the Runge-Kutta method in the
form of finite volumes. Coupled implicit scheme with the
second order accuracy and default under relaxation factors
was applied.
Numerical model
The basic characteristics of CFD model is apparent from
Table 1., the Computational domain and calculation grid
are shown on Figure 2. Tree-dimensional non-structured
computational mesh includes 1e6 cells. Inlet components
of the velocity, gas void friction and exit static pressure
values are taken as a boundary conditions.
The present numerical model concentrates on gas-liquid
flow in a horizontal pipeline with typical flow parameters
for separated flow regime, see Figure 1. CFD solver inter-
Foam, introduced in code OpenFoam ver.2.3. [20] is used
to identify significant flow parameters such as velocity, tur-
bulence intensity, pressure and gas volume friction profiles
and free surface dynamics behaviour, such as wave propa-
gation. In our case, the solver interFoam is recompiled and
optimised [21] for 2 incompressible, isothermal immisci-
ble fluids using a Volume of Fluid phase-fraction based in-
terface capturing approach [22]. Multi-dimensional limiter
for explicit solution MULES is used for a part of the cal-
culations, in addition the new Predictor-Corrector Semi-
Implicit variant of MULES, introduced in OF ver.2.3., is
tested for numerical stability and convergence of modelling
acceleration.
Proper Orthogonal Decomposition
Proper Orthogonal Decomposition (POD) [22, 23] finds
applications in computationally and experimental process-
ing large amounts of high-dimensional data with the aim
of obtaining low-dimensional descriptions [24, 25]. The
snapshot approach suggested by Sirovich (1987) [26] was
applied. Using POD, time independent basis functions were
extracted from the data and the governing equations of the
numerical solver were projected onto the basis functions to
generate reduced-order models. In the reduced-order mod-
els (ROMs) [27, 28] the large number of partial differential
equations were replaced by a much smaller number of or-
dinary differential equations. These reduced-order models
were applied to several reference cases; Liquid mass flow
rate equal 100 kg/sm2, gas mass flow rate between 1 and
10 kg/sm2.
From mathematical point of view, finite dimensional
representations of a function is sought in terms of a ba-
sis modes which allows a linear approximation to be con-
structed:
Um =
M∑
j=1
aj(x)φj(t). (1)
Assume a set of representative datasets (snapshots), uk
, and the basis functions are chosen such that they best
Figure 1 Horizontal flow regimes map, range of present CFD
model application
Table 1 CFD model description
Parameter Value
Solver interFoam
No. of cells 1e6
CPU time 260 h
Heat transfer No
Gas compressibility No
Turbulence model LES
Superficial velocity: Ugas < 10m/s
Uliquid < 0.2m/s
Phases transport properties Air & Water
Inlet boundary condition mass flow rate of each phase
Outlet boundary condition static pressure
Diameter, length 50 mm , 3.5 m
describe a typical member of the sample data. The basis
functions should be chosen so that they maximise the aver-
aged projection of our ensemble of functions onto the basis
functions. To estimate set of POD bases functions, Python
library MODRED [29] was used.
Results
Pressure losses
Industry sector is mostly interested in the pressure losses
of specific flow pattern, transient behaviour as a poten-
tial risk of pipeline damage and so on. In order to under-
stand the dynamic nature of gas-liquid multiphase flows
the publication focus to unsteady behaviour identification
by CFD simulation. Lockhart and Martinelli correlation
was used for pressure friction drop and void fraction com-
parison with CFD. The estimated pressure drop for sepa-
rated horizontal flow regimes are shown on shown in Fig-
ure 3. In the area of interest, water superficial velocity
below 0,2 m/s and gas superficial velocity below 10 m/s
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Figure 2 Computational model of horizontal pipeline
the results agreement is about 20%. The accuracy of CFD
pressure estimation dependent on the length of CFD record
(typically about 2-3 s) and monitoring plans position to
boundary condition (typically more then lplane/d > 40).
Specially short distance from inlet boundary can negatively
affect the averaged value of pressure drop, because the
fully develop multiphase flow could be expected for more
then l/d > 100. The requested length of CFD domain is
dependent on type of boundary conditions. The using of
known velocity and concentration profiles (obtain by theo-
retical or experimental investigation), can positively affects
the convergence of CFD calculation and required length .
Flow visualisation
Unsteady multiphase simulation is performed in order to
generate a database of snapshots of matrices for proper or-
thogonal decomposition analyses. As a secondary effect of
simulation is multiphase flow visualisation. Flow visuali-
sation here could serve for CFD model validation as well.
The CFD data are tested for accuracy of pressure loss pre-
dictions and the flow regime prediction correctness. The
Figure 4 show us slightly wavy stratified flow regime, Fig-
ure 5 transient regime between Slug and annular flow and
Figure 6 fully developed annular flow. The flow regime es-
timated by CFD correspond with the horizontal flow pat-
terns map [9].
Figure 3 Pressure losses, correlation and CFD estimation
By results visualisation, we are also able to study typ-
ical multiphase flow instability initialisation and propaga-
tion, see Figure 6, wave flow regime.
POD post-processing
Different flow regime can be characterised by different POD
modes, see Figure 8. To estimate fist dominant bases func-
tion allow us recognise, with certain probability, the flow
regime base on signal records from multiphase flow mea-
surement.
The main aim of present CFD simulation is creating
and filling the database by characteristic POD bases func-
tions for different flow conditions, see Figure 9. Highlight
blocks in the scheme present current state and study con-
tribution.
In advance, the CFD data allow us to correlate typi-
cal measurement parameters: concentration and disperse
phase velocity, with other significant parameters such as
continuous phase velocity, turbulence intensity, vorticity,
pressure losses and so on.
Conclusions
The CFD model based on interFoam solver was de-
veloped, tested and used for numerical simulation of gas-
liquid horizontal flow. The application of model is limited
by separated flow character. The area of solver using is
demonstrated on Figure 1. The characteristic of the CFD
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Figure 4 Free surface of stratified flow regime, velocity field
Figure 5 Transient flow, semi-annular flow regime
model based on interFoam solver is shown on Table 2. For
dispersed types of flow regime simulation is more suitable
twoPhaseEulerFoam OpenFoam solver, which is based on
Euler-Euler approach, see model description on Table 3.
In this solver, both the phases are described using the Eu-
lerian conservation equations and each of the phases are
treated as a continuum in this approach.
Present results demonstrated the influence of boundary
conditions on quality of results and convergence. The op-
timal way of CFD calculation is to use the known veloc-
ity and concentration profiles from experimental investiga-
tion. Otherwise, the length of calculation domain and CPU
time could be enormously high.
Present study contribute the Databases of typical POD
function, see Figure 9, specially for separate flow regimes.
The CFD model and database of functions could be vali-
date by multiphase flow experimental modelling, such as
process tomography, ultrasound velocimetry, PIV and so
on.
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